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Orbital Hall effect (OHE) is the phenomenon of transverse flow of orbital moment in presence of an
applied electric field. Solids with broken inversion symmetry are expected to exhibit a strong OHE
due to the presence of an intrinsic orbital moment at individual momentum points in the Brillouin
zone, which in presence of an applied electric field, flows in different directions causing a net orbital
Hall current. Here we provide a comprehensive understanding of the effect and its tunability in the
monolayer 2D transition metal dichalcogenides (TMDCs). Both metallic and insulating TMDCs
are investigated from full density-functional calculations, effective d-band tight-binding models, as
well as a minimal four-band model for the valley points that captures the key physics of the system.
For the tuning of the OHE, we examine the role of hole doping as well as the change in the band
parameters, which, e. g., can be controlled by strain. We demonstrate that the OHE is a more
fundamental effect than the spin Hall effect (SHE), with the momentum-space orbital moments
inducing a spin moment in the presence of the spin-orbit coupling, leading to the SHE. The physics
of the OHE, described here, is relevant for 2D materials with broken inversion symmetry in general,
even beyond the TMDCs, providing a broad platform for future research.
I. INTRODUCTION
Among the various types of Hall effects, anomalous
and spin Hall effects (AHE, SHE) have received con-
siderable attention in recent times not only due to the
fundamental physics involved, but also because of their
immense applications in spintronics devices [1–5]. An
orbital counterpart of the SHE is the orbital Hall effect
(OHE), where an external electric field creates an imbal-
ance in orbital moment ~L, instead of a spin imbalance
in the SHE, leading to a transverse flow of orbital cur-
rent. Interestingly, the OHE is proposed to be the origin
of large AHE and SHE in several materials and usually
has much larger magnitude than the SHE [6–8]. Thus,
understanding of the OHE not only can guide the on-
going search for new materials with large AHE or SHE,
but also can have applications in potential “orbitronics”
devices, beyond spintronics, for carrying information.
In spite of a number of theoretical predictions, OHE
has not been directly observed in experiments, partly be-
cause of the common belief of orbital quenching in solids
[9, 10]. Recently Go et.al. put forward the mechanism of
the OHE in centrosymmetric 3D systems, where it was
shown that even though the orbital moment is quenched
prior to the application of the electric field, the external
electric field can induce a nonzero ~L in the momentum
space, generating a large OHE [10]. The generated or-
bital texture by the applied electric field as well as the
resulting OHE are found to be ubiquitous in multi-orbital
systems [11].
Recently, we proposed that non-centrosymmetric sys-
tems with time-reversal (T ) symmetry, such as the tran-
sition metal dichalcogenides (TMDCs), can also host
a large OHE [12], the mechanism of which is, how-
ever, significantly different from the centrosymmetric
∗ bhowals@missouri.edu
case [10, 11]. Unlike centrosymmetric materials an intrin-
sic k-space orbital moment exists in systems with broken
inversion (I) symmetry, even prior to the application of
an external electric field. These orbital moments in the
k-space, flow in the transverse direction in response to
the applied electric field ~E in the Hall effect due to the
anomalous velocity ~v ∝ ~E × ~Ω, arising from the nonzero
Berry curvature ~Ω in the system. This flow of orbital
moment, then, leads to a large OHE. The large orbital
to spin Hall conductivity ratio, makes these materials
particularly suitable for the detection of OHE.
While the general principles of the OHE and the SHE
in non-centrosymmetric TMDCs were discussed in our
work [12] based on an effective four-band tight-binding
(TB) model, valid near the valley points K and K ′, here
we present an in-depth study of these effects by consid-
ering a general nearest neighbor (NN) TB model for the
transition metal d-orbitals, describing the entire Brillouin
zone (BZ). Using this full TB model, we discuss the cru-
cial roles of the inter-orbital hopping, electron occupation
of d-orbitals and the strength of the spin-orbit coupling
(SOC) in both OHE and SHE, providing the possible
knobs to control these effects in monolayer TMDCs. The
results of the model calculations are further corroborated
by the density functional calculations, employed to study
insulating (MX2; M = Mo, W and X = S, Se, Te) as well
as metallic (NbS2) TMDCs. The mechanism is also appli-
cable to other 2D systems, where the inversion symmetry
is absent.
Before going into details, we discuss here the basic
physical picture of the OHE in TMDCs. TMDCs lack the
I symmetry which plays the key role in generating the in-
trinsic orbital moment in the k-space. The broken I sym-
metry induces new inter-orbital hoppings in the system
that hybridize between different d-orbitals. As a result,
although the individual cubic harmonics, e.g., |dx2−y2〉
and |dxy〉, do not carry any orbital angular momentum,
the hybridized orbitals, such as (|dx2−y2〉 ± i|dxy〉) can
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2have a finite orbital moment. In TMDCs, the orbital
moments are generated around the two valley points (K,
K ′) which have opposite directions due to the presence
of T symmetry that dictates ~M(~k) = − ~M(−~k). In or-
der to generate the OHE, these orbital moments need to
flow in opposite directions in real space in response to an
applied electric field in the Hall effect. This indeed is the
case for TMDCs as the two valleys carry Berry curvatures
with opposite signs. As a result, the electrons at the two
valleys acquire anomalous velocity with opposite direc-
tions, leading to a large intrinsic OHE. Clearly the OHE
can occur without SOC. However, the presence of a siz-
able SOC in TMDCs couple the orbital moments to the
spin moments, which gives rise to the well known “valley
dependent spin splitting”. Furthermore, these spin po-
larized bands have nonzero spin Berry curvatures, lead-
ing to the SHE, which is however significantly smaller in
magnitude as compared to the OHE.
The remaining parts of the paper are organized as fol-
lows. The detail of the crystal structure of TMDCs and
the computational methods, used in the present work
are described in Section II. This is followed by Section
III, where we discuss a general NN TB model for the
d-orbitals of the transition metal atom M, relevant for
the 2H-MX2 structure. Here, we first qualitatively ana-
lyze the role of the broken I symmetry in inducing ad-
ditional inter-orbital hoppings. With these effective d-
d hoppings into account, we illustrate the generation of
the k-space orbital moment and the OHE, and how they
can be manipulated by hole doping or by engineering the
band structure. This is followed by our study of the ef-
fect of the spin-orbit coupling on both the OHE and the
SHE in Section IV. We then construct an effective four-
band model for the valley points from this full d orbital
NN TB model in Section V, which provides useful insight
into the tuning of both OHE and SHE by hole doping.
The results of the TB model are also corroborated by
explicit calculations based on density functional theory
(DFT) for a series of metallic and insulating TMDCs in
Section VI, and the results are summarized in Section
VII.
II. CRYSTAL STRUCTURE AND
COMPUTATIONAL METHODS
We have chosen the monolayer TMDCs 2H-MX2[13]
for a detail study because it is a well-known material
with broken inversion symmetry. The crystal structure
has the D3h point group symmetry, with the character
table and the irreducible representations spanned by the
d orbitals shown in Table IV. The crystal structure is
indicated in Fig. 1 (a). The unit cell contains one formula
unit with a single M atom and two X atoms.The M atoms
are arranged on a triangular network in the a− b plane,
while the two X atoms are situated out of this plane in
such a way that the structure has the horizontal mirror
symmetry σh but not the I symmetry. The structure
also has the C3 rotational symmetry. As seen from Fig.
1 (a), each M atom is surrounded by six X atoms, forming
an MX6 trigonal prism. Due to the triangular network
formed by the M atoms, each M atom has six M atoms
as its nearest neighbors along ±~a,±~b, and ±~c directions
[see Fig. 1, (a)]. Here, ~a = axˆ, ~b = −(a/2)(xˆ+√3yˆ) and
~c = −(a/2)(xˆ − √3yˆ), a being the lattice constant and
the distance between the NN metal atoms.
Density-functional calculations presented here were
calculated using the Quantum Espresso [14] as well
as the muffin-tin orbitals based (NMTO) [15] codes.
All calculations were performed with the relaxed struc-
ture, obtained by relaxing the atomic positions until the
Hellman-Feynman forces on each atom becomes less than
0.01 eV/A˚. The k-space orbital moment of the monolayer
was calculated using Quantum Espresso and Wannier90
codes [14, 16]. The ab-initio wave functions of the ground
state, computed within a self-consistent calculation, are
used to construct the maximally-localized Wannier func-
tions [17] employing the Wannier90 code [16]. The wan-
nierisation process was converged to 10−10 A˚2 having an
average spread less that ∼ 1 A˚2 of the Wannier func-
tions. The orbital moment in the k-space is, therefore,
calculated in the Wannier space [18].
The complementary muffin-tin orbitals based method
(NMTO) [15] was also used to compute the k-space or-
bital moment. In addition, NMTO was used to calcu-
late the orbital and the spin Hall conductivities (OHC/
SHC) in the following manner. First, effective TB hop-
ping matrix elements between the M-d orbitals were ob-
tained with several neighbors, which yielded the full TB
Hamiltonian valid everywhere in the BZ. Using this full
TB model, we obtained the eigenvalues and wave func-
tions, from which the orbital and the spin Hall conduc-
tivities were computed from a Brillouin zone sum, by
summing over 400 × 400 k mesh points in the 2D zone.
The computed orbital moments using the Wannier90 or
the NMTO method agree well with each other.
III. TIGHT-BINDING RESULTS: ORBITAL
AND SPIN HALL EFFECTS
In this Section, we construct a nearest-neighbor (NN)
TB model Hamiltonian for the metal d orbitals in the
monolayer 2H-MX2 structure, and using this model
Hamiltonian, we describe the orbital and the spin Hall
effects and how they are affected by the parameters of
the Hamiltonian as well as by doping.
A. Broken I symmetry induced inter-orbital
hoppings
The broken inversion symmetry I plays an important
role in the electronic structure as well as in the OHE
of the TMDCs. It leads to a mixing of the orbitals
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FIG. 1. Crystal structure and effective inter-orbital hopping.
(a) The triangular network formed by the transition metal M
atom as viewed from the top and from the side. The hopping
between the metal atoms along the nearest-neighbor vectors
~α = ~a, ~b, and ~c, are related via the C3 rotational symmetry.
(b) Direction dependence of the sign of the inter-orbital hop-
ping between M-dxy and M-dx2−y2 orbitals, mediated via the
X-p orbitals, that break the I symmetry. The ± signs in (b)
represent the relative signs of the p-d hopping with the mag-
nitude denoted by tpd and t
′
pd. The metal-ligand interaction
leads to the sign change of the effective d-d hopping teff as
indicated in the right part of (b).
with complex coefficients in the wave functions produc-
ing thereby orbital moments at the various points in the
Brillouin zone, which then lead to a robust OHE. The
chalcogen X atoms break the symmetry and introduce
new inter-orbital hoppings between the neighboring M
atoms, which were zero without the broken symmetry.
The chalcogen orbitals must be kept in the TB model to
incorporate the effect of the broken I symmetry. How-
ever, the effect can be included via the Lo¨wdin downfold-
ing method [19] to produce an effective M d−d hopping,
eliminating the chalcogen orbitals from the basis set. A
detail description of this point is given in Appendix A,
but below we describe the essential physics from pertur-
bation theory.
Using the perturbation theory, the effective d− d hop-
pings and their sign change with the direction of hopping
may be inferred. These hoppings are mediated via the X-
p orbitals with a magnitude teff ∼ tpdt′pd/∆pd, where tpd
and t′pd are the hoppings between the metal atoms and
the intermediate ligand atom as indicated in Fig. 1 (b),
and ∆pd is the energy difference between the metal and
ligand orbitals. Considering first the ligand px orbitals,
the metal-ligand hopping tpd is given by the Slater-Koster
Tables [20]: tx,x2−y2 = 2−131/2l(l2 − m2)Vpdσ + l(1 −
l2 +m2)Vpdpi and tx,xy = 3
1/2l2mVpdσ +m(1− 2l2)Vpdpi,
where (l,m, n) are the direction cosines of the ligand with
respect to the metal atom, and Vpdσ and Vpdpi are the
usual Slater-Koster hopping parameters. For the orbitals
shown in 1 (b), these expressions lead to the p−d hopping
which are of the same magnitude, but different signs as
indicated. The same goes for the p−d hopping for the py
orbitals. Thus, the perturbation expression stated above
leads to a change of sign of teff for hopping to left or right
as indicated in 1 (b). As elaborated in Appendix B, such
inter-orbital hopping with a sign change eventually leads
to the formation of complex orbitals dx2−y2 ± idxy near
the valley points, which carry a non-zero orbital moment
lz = ±2~. As an aside, we note that a similar sign change
with respect to the direction of hopping leads to the well-
known Rashba effect [21], which arises from the broken
mirror symmetry.
B. Tight-binding model Hamiltonian
We now construct a general NN TB model on the tri-
angular lattice for the M-d orbitals taking into account
the effective d-d hoppings, as discussed above. This NN
model for the five TM-d orbitals (labeled by m) on site
i with the field operators cim and c
†
im provide an over-
all reasonable description of the electronic structure of
the TMDCs over the entire BZ. The TB Hamiltonian,
written in the Bloch function basis
c†~km =
1√
N
∑
i
ei
~k·~Ric†im, (1)
with ~k being the Bloch momentum and the order of the
basis set in the sequence (dxy, dx2−y2 , d3z2−r2 , dxz, dyz) is
given by
H(~k) =

h11 h12 h13 0 0
h∗12 h22 h23 0 0
h∗13 h
∗
23 h33 0 0
0 0 0 h44 h45
0 0 0 h∗45 h55
 , (2)
where
4h11 = ε1 + 2t
a
1 cos ka + 2t
b
1(cos kb + cos kc)
h22 = ε1 + 2t
a
2 cos ka + 2t
b
2(cos kb + cos kc)
h33 = 2t
a
3(cos ka + cos kb + cos kc)
h44 = ε2 + 2t
a
4 cos ka + 2t
b
4(cos kb + cos kc)
h55 = ε2 + 2t
a
5 cos ka + 2t
b
5(cos kb + cos kc)
h12 = 2it
a
6 sin ka + i(t
b
6 + t
c
6)(sin kb + sin kc) + (t
b
6 − tc6)(cos kb − cos kc)
h13 = 2it
a
7 sin ka + i(t
b
7 + t
c
7)(sin kb + sin kc) + (t
b
7 − tc7)(cos kb − cos kc)
h23 = 2t
a
8 cos ka + (t
b
8 + t
c
8)(cos kb + cos kc) + i(t
b
8 − tc8)(sin kb − sin kc)
h45 = 2it
a
9 sin ka + i(t
b
9 + t
c
9)(sin kb + sin kc) + (t
b
9 − tc9)(cos kb − cos kc). (3)
  
x
y
z
ti
a
a
b
c
a
ti
c
ti
b
  
-a a
MMM
ε2
ε1
0
FIG. 2. Tight-binding parameters in the effective d band
model. There are eleven independent parameters: two onsite
energies ε1 and ε2, and nine NN hopping parameters t
a
i , i =
1 − 9 for hopping along ~a. The hopping parameters along ~b
and ~c can be obtained from the C3 symmetry, as discussed
in the text. Note that some hoppings have left/right sign
asymmetry as illustrated in Fig. 1.
Here, kα = ~k · ~α, ~α = ~a, ~b, ~c denote the directions of
the NN M atoms, and the TB on-site energies εi and the
NN hopping matrix elements tαi are as indicated in Fig.
2.
The TB parameters for hopping along the three NNs
are not independent, but rather they are related to each
other via the C3 rotational symmetry of the structure.
Thus by knowing the hopping tai for the NN M atoms
along ~a, we can compute the corresponding hoppings
tbi , t
c
i along
~b and ~c respectively using the transformation
relation
Hγhop = R
T (θγ)H
a
hopR(θγ), (4)
where the hopping matrix along ~a, Hahop, with the basis
φα ≡ {xy, x2 − y2, 3z2 − r2, xz, yz} is given by
Hahop =

ta1 t
a
6 t
a
7 0 0
−ta6 ta2 ta8 0 0
−ta7 ta8 ta3 0 0
0 0 0 ta4 t
a
9
0 0 0 −ta9 ta5
 . (5)
The rotation matrix is
R(θγ) =

cos 2θγ sin 2θγ 0 0 0
− sin 2θγ cos 2θγ 0 0 0
0 0 1 0 0
0 0 0 cos θγ − sin θγ
0 0 0 sin θγ cos θγ
 , (6)
where θγ = 2pi/3 and 4pi/3 correspond to the hopping
along ~b and ~c directions respectively. Using the matrices
(5) and (6) and by performing the matrix multiplication
in Eq. (4), we can compute the hopping parameters along
~b and ~c directions. Thus the only unknown parameters
in the TB model (2) are tai , 1, and 2. A typical set of
parameters is listed in Table I for hopping along ~a, and
the computed parameters for hopping along the other
two NN directions are listed in Table II. Note that the
presence of the reflection symmetry σh in the structure
(see Appendix C) allows hybridization only within the
subspaces of (xy, x2 − y2, 3z2 − r2) and (xz, yz) orbitals,
and these two subspaces do not intermix as seen from the
Hamiltonian Eq. (2).
C. Orbital moment
In this Section, we discuss the presence of the intrinsic
orbital moment in the TMDCs, the magnitude of which
are quite large near the valley points K,K ′, which in
5TABLE I. Typical TB parameters (in meV) for the monolayer 2H-MX2 structure. These were obtained using the NMTO
method.
ε1 ε2 t
a
1 t
a
2 t
a
3 t
a
4 t
a
5 t
a
6 t
a
7 t
a
8 t
a
9
732 2.6 ×103 185 -58 -207 -247 -86 -310 358 348 -76
TABLE II. TB parameters (in meV) for hopping along the
directions ~b and ~c derived from the parameters in Table I and
using the C3 rotational symmetry as discussed in the text.
tb1 t
b
2 t
b
3 t
b
4 t
b
5 t
b
6 t
b
7 t
b
8 t
b
9
3 124 -207 -126 -207 -204 122 -484 -147
tc1 t
c
2 t
c
3 t
c
4 t
c
5 t
c
6 t
c
7 t
c
8 t
c
9
3 124 -207 -126 -207 -416 -480 136 -5
turn play a crucial role in driving a large orbital Hall
conductivity (OHC) via the orbital Berry curvature.
Symmetry considerations for the TMDCs dictate that
a non-zero orbital moment ~M(~k) can exist at the indi-
vidual momentum points in the BZ, though the total
moment, obtained by summing over the BZ, must van-
ish. For the TMDCs, we have the inversion symmetry I
broken, while the time reversal symmetry T is present.
If the inversion I and the time-reversal T symmetries
are present, the following well known conditions hold for
the orbital moment for the momentum point k in the
Brillouin zone:
~M(~k) = ~M(−~k) (Inversion I present)
~M(~k) = − ~M(−~k) (Time Reversal T present). (7)
Therefore, in presence of both I and T symmetries, ~M(~k)
vanishes at each k-point of the BZ.
On the other hand, ~M(~k) is non-zero, if either of
the two symmetries is broken, which is the case for the
TMDCs due to the broken I. Furthermore, due to the
presence of T , the orbital moments have opposite signs
at the K and K ′ momentum points. The same symmetry
condition dictates that the orbital moment at the Γ point
must vanish. The computed values Mz(~k), shown in Figs.
3 and 5, are consistent with these symmetry arguments,
and they also follow the C3 rotational symmetry of the
structure.
The typical band structure for the TMDCs, computed
by diagonalizing the Hamiltonian (2), is shown in Fig. 3
(a) for the parameters listed in Table I. Depending on the
occupation of the M-d orbitals, we have either an insu-
lating or a metallic state. While for the TM atom M (M
= Mo, W) with d2 configuration, the lowest band in Fig.
3 is completely occupied resulting in an insulating state,
for the TM atoms with d1 configuration such as NbS2,
the lowest band in Fig. 3 is only partially filled leading
to a metallic state. In either of these cases, the valence
band maximum and the conduction band minimum are
both located at the two valleys K,K ′, which turn out
to be the dominant points for the OHE due to the large
orbital moments there.
It is easy to see that a large orbital moment is ex-
pected to occur at the valley points. Diagonalization of
the Hamiltonian (2) at K (-4pi/3a, 0) and K ′ (4pi/3a, 0)
points shows that the eigenvectors at those two valleys
are: |v〉 = (√2)−1(|x2 − y2〉 + iτ |xy〉), |c〉 = |3z2 − r2〉,
and |c′〉 = (√2)−1(|x2− y2〉− iτ |xy〉), in ascending order
of energies, where τ = ±1 is the valley index for K and
K ′ points respectively. The first two eigenvectors corre-
sponding to the lowest two energy eigenvalues constitute
the valence and the conduction bands at the K and K ′
points. The imaginary coefficients of the eigenvectors |v〉
and |c′〉, which can be traced back to the directional sign
change of the effective d− d hopping integral (Appendix
B), lead to a non-zero orbital moment for these states.
As emphasized earlier, the inversion symmetry breaking
was instrumental in producing the effective d − d hop-
ping in the first place, without which the orbital moment
would be zero everywhere in the Brillouin zone.
The magnitude of the orbital moment ~M(~k) can be
computed using the modern theory of orbital moment
[22, 23], viz.,
~M(~k) = −2−1 Im[〈~∇ku~k| × (H− ε~k)|~∇ku~k〉]
+ Im[〈~∇ku~k| × (F − ε~k)|~∇ku~k〉], (8)
where ε~k and u~k are the energy eigenvalues and the eigen
functions for a given band. The total orbital moment is
obtained by summing over the occupied states at a given
~k point.
The first term in Eq. (8) is the angular momentum
(~r×~v) contribution due to the self-rotation of the Bloch
electron wave packet, while the second term is due to the
center-of-mass motion of the wave packet. Note that for
2D materials, the orbital moments can only point in the
direction normal to the plane, which is self evident due
to the presence of the cross product between two vectors
that lie on the plane of the structure in Eq. (8).
The orbital moment for the valence band of the Hamil-
tonian (2), computed using Eq. (8), is shown in Fig. 3
(b) along selected symmetry lines. We find that ~M(~k)
is dominated by the first term in Eq. (8), viz., the self-
rotation contribution of the wave packet. As seen from
Fig. 3 (b), the orbital moment Mz(~k) has a maximum
value at the valley points, while away from the two val-
leys it decreases and eventually becomes zero at the Γ
point. Furthermore, the direction of Mz(~k) is opposite
at the K and K ′ points as dictated by symmetry, lead-
ing to what we call the valley-orbital locking. This is akin
to the “valley-spin locking”, commonly discussed in the
6  
K'
K'
FIG. 3. Band structure (a) and the orbital moment Mz(~k)
for the valence band (VB) (b), obtained for the Hamiltonian
(2) with the TB parameters of Table I.
TMDCs. However, it is interesting to note that while
valley-spin locking appears only in the presence of the
SOC, the existence of the “valley-orbital locking” does
not require any SOC (the effect of SOC is not considered
in the Hamiltonian 2), but rather that it originates from
the broken inversion symmetry of the crystal. Further-
more, in presence of the SOC, the “valley-orbital locking”
gives rise to the “valley-spin locking” due to the λ~L · ~S
spin-orbit interaction term.
The orbital moment and its opposite directions at the
two valley points can be well understood from the eigen-
state |v〉 = (√2)−1(|x2 − y2〉 + iτ |xy〉) at the K and
K ′ points, which carries an orbital angular momentum
lz = 2~ for the K point (τ = +1) and lz = −2~ for the
K ′ point (τ = −1) respectively. Recalling the fact that
such hybridized orbitals resulted from the inter-orbital
hoppings which are induced by the broken I symmetry,
it easily follows that the orbital moment ~M(~k) is a conse-
quence of the lack of I symmetry. Similarly, the absence
of orbital moment at the Γ point can be understood from
the corresponding eigenstate |3z2−r2〉 that carries a zero
orbital angular momentum (lz = 0).
Tuning of the orbital moment – Certain hopping pa-
rameters can have a large effect on the orbital moments,
which we discuss now. This provides a tool to manipu-
late the valley orbital moments, and eventually the OHE,
by band structure engineering, which can be achieved by
applying strain [24], for example.
Diagonalization of the Hamiltonian (2) shows that the
three orbitals of interest near the K,K ′ points are x2 −
y2, xy, and 3z2 − r2, which constitute the valence and
conduction bands [see Fig. 3 (a)]. We develop a minimal
four-band model later in Section V A, but it is clear that
TB parameters involving these states, viz., ta6 , t
a
7 , and
ta8 , will have the largest effect on controlling the orbital
moments. In fact, as we will see later from the effective
four-band model, ta6 controls the band gap ∆, while the
other two parameters control the band curvatures (band
  
FIG. 4. Tuning of orbital moment by modifying the appropri-
ate hopping parameters. (a) Variation of the orbital moment
at the valley points K, K′ with the hopping parameters ta7 and
ta8 , with both changed simultaneously, while keeping the other
TB parameters in Table I fixed. Top inset shows the orbital
moments near K, while the bottom inset shows the variation
of the band structures for the three different cases: ∆t = 0%
(black lines), ∆t = +5% (orange lines), and ∆t = −5% (blue
lines). (b) The same as in (a) for the hopping parameter ta6 .
The hopping parameters in (a) change the valence band cur-
vature, while in (b), ∆ta6 shifts the valence band top, thereby
changing the gap value ∆ at the valley points.
mass) of the valence band near the valley points. This
is also seen from the lower insets in Figs. 4 (a) and
(b). As the band curvature increases, the orbital moment
increases, while as the band gap ∆ increases along with
ta6 , the orbital moment changes in the opposite direction.
Later we will see from the four-band model that the valley
point moments scale as m0 ∼ t2/∆, where the hopping
term (ta7 , and t
a
8 entering in t) controls the band curvature
and ∆ is the band gap. This dependence is consistent
with the full TB calculations presented in Figs. 4 (a) and
(b), as it should simply because the four-band model is
extracted from the full TB Hamiltonian Eq. (2).
Another means of modifying the orbital moment is to
just shift the Fermi energy (EF) by hole doping, so that
less number of bands are occupied. Recently there have
been reports of successful hole doping in the TMDCs [25].
Since the doped holes will occupy the valley points K and
K ′, where the orbital moment is the largest, and these
electron states would not participate in transport, hole
doping is expected to substantially change the OHE, as
we discuss later.
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FIG. 5. Intrinsic orbital moment (in units of eV·A˚2) (a) and
the orbital Berry curvature (in units of A˚2) (b), on the kx-ky
plane for the lowest occupied band in Fig. 3. Hexagons indi-
cate the Brillouin zone. Results are obtained using the Eqs.
(8) and (10) for the TB Hamiltonian (2) with the parameters,
listed in Table I. The arrows in (a) indicate the directions of
the anomalous velocities, which is opposite for the K, K′ val-
leys due to the opposite sign of the Berry curvatures. This
leads to an orbital Hall current. The ± sign in (a) shows the
accumulation of the opposite orbital moments at the opposite
sides of the sample, resulting from the orbital current flow.
D. Orbital Hall Effect
The orbital Hall conductivity (OHC) can be computed
from the the momentum sum of the orbital Berry curva-
tures [10, 11]
σγ,orbαβ = −
e
NkVc
occ∑
n~k
Ωγ,orbn,αβ (
~k), (9)
where σγ,orbαβ is given by j
γ,orb
α = σ
γ,orb
αβ Eβ , j
orb,γ
α being
the orbital current density along the α direction corre-
sponding to the γ component of the orbital moment, gen-
erated by the electric field pointed along the β direction.
In the 2D systems, Vc corresponds to the surface unit
cell area, so that the conductivity has the dimensions of
(~/e) Ohm−1. Note that the symmetry of the structure
dictates that there is only one independent component of
the OHC, viz., σz,orbyx = -σ
z,orb
xy .
The orbital Berry curvature Ωγ,orbn,αβ in Eq. (9) can be
evaluated using the Kubo formula from the eigenvalues
εn~k and the eigenfunctions un~k, where n is the band in-
dex. The expression is
Ωγ,orbn,αβ (
~k) = 2~
∑
n′ 6=n
Im[〈un~k|J γ,orbα |un′~k〉〈un′~k|vβ |un~k〉]
(εn′~k − εn~k)2
,
(10)
where the orbital current operator J γ,orbα = 12{vα, Lγ},
with Lγ being the orbital angular momentum operator
and vα =
1
~
∂H
∂kα
is the velocity operator.
The computed orbital Berry curvature along with the
orbital moment over the entire BZ are shown in Fig. 5.
As seen from this plot the dominant contribution to the
orbital Berry curvature comes from the region close to
the valley points. Furthermore, the contributions from
the two valleys appear with the same sign which add up
to give a net large OHC. It is also interesting to note that
although the orbital moment vanishes at the Γ point, the
orbital Berry curvature is nonzero there and appears with
an opposite sign than that near the valley points. How-
ever, the magnitude of the contribution of the Γ point
being much smaller, the net OHC, the BZ sum of Ωz,orbyx
over the occupied bands, is still dominated by the valley
point contributions. The magnitude of the OHC is quite
large: σz,orbxy ≈ −10.8 × 103(~/e)Ω−1 taking a nominal
lattice constant a = 3.19 A˚.
The above results for the orbital Hall conductivity can
be understood by considering the orbital moments and
their velocities in the momentum space under the ap-
plied electric field. As well known in the literature, the
K,K ′ valley points have Berry curvatures with oppo-
site signs [26]. As a result, under an applied electric
field, the electrons in the two valleys acquire an oppo-
sitely directed transverse velocity due to the Berry cur-
vature (Ω(~k)) term in the semi-classical expression [22]
~˙rc = ~−1[~∇kεk + e ~E× ~Ω(~k)]~kc . Since the electrons at the
two valleys carry orbital moments in opposite directions
as well, they do not cancel, but add up to produce a net
orbital Hall current, as indicated schematically in Fig. 5
(a).
In contrast to the valley points, the Γ point does not
have any intrinsic orbital moment. In this case, however,
the applied electric field can induce a momentum-space
orbital texture by dynamically inducing inter-band su-
perposition as discussed for the centrosymmetric mate-
rials [10, 11]. This electric field induced orbital texture,
in turn, gives rise to a contribution to the orbital Hall
conductvity, though with a smaller magnitude than the
contributions from the valley points.
Note that the orbital Berry curvature follows a symme-
try relationship different from the orbital moment ~M(~k),
discussed already. Presence of T symmetry demands that
Ωz,orbyx (
~k) = Ωz,orbyx (−~k), which is followed by the distri-
bution of Ωz,orbyx (
~k) in Fig. 5 (b), showing that the con-
tributions from K and K ′ have the same sign.
Hole doping – In view of the fact that the valley points
make a major contribution to the OHC, it is clear that
hole doping, which depletes the occupation of the val-
ley point states, would considerably diminish the magni-
tude of the OHC. We have calculated that a small change
in the Fermi energy due to hole doping (∆EF = −0.05
eV) leads to a considerable change (14%) in the OHC,
σz,orbxy ≈ −9.3 × 103(~/e)Ω−1, providing a potential tool
to manipulate the OHC in the TMDCs.
IV. SPIN-ORBIT COUPLING: ORBITAL AND
SPIN HALL EFFECTS
It is an important point to note that the orbital Hall
effect exists even without the spin-orbit coupling (SOC).
Indeed, in the above tight-binding model, there was no
SOC term present. The presence of the SOC term will
8modify the magnitude of the OHE, but only by a small
amount. The spin Hall effect, on the other hand, exists
only due to the SOC, fundamentally because conductiv-
ity is measured in real space, and the spin space does not
couple to it without the SOC term. In this Section, we
elaborate these points from quantitative calculations.
The effect of SOC is included by adding a termHSOC =
λ~L · ~S to the TB Hamiltonian (2). Written in the basis
with spin-orbital order: (φασ = xy ↑, x2−y2 ↑, 3z2−r2 ↑
, xz ↑, yz ↑, xy ↓, x2−y2 ↓, 3z2−r2 ↓, xz ↓, and yz ↓),
it reads
HSOC = λ~L · ~S = λ
2

0 2i 0 0 0 0 0 0 −i 1
−2i 0 0 0 0 0 0 0 1 i
0 0 0 0 0 0 0 0 −√3 √3i
0 0 0 0 −i i −1 √3 0 0
0 0 0 i 0 −1 −i −√3i 0 0
0 0 0 −i −1 0 −2i 0 0 0
0 0 0 −1 i 2i 0 0 0 0
0 0 0
√
3
√
3i 0 0 0 0 0
i 1 −√3 0 0 0 0 0 0 i
1 −i −√3i 0 0 0 0 0 −i 0

. (11)
The resulting band structure with the spin-orbit cou-
pling included is shown in Fig. 6 (a) for a typical strength
of the SOC parameter. The key new feature of the band
structure is the spin splitting of the valence band with
opposite spin moments at the two valleys. This leads to
the so called “valley-spin coupling” [26], where the va-
lence band top at one valley has a positive spin moment,
while the other has a negative spin moment, coupling
thereby the spin and valley degrees of freedom (see Fig.
7). The valley dependent spin splitting directly follows
from the computed orbital moment (Mz) at the K, K
′
points and the λ~L · ~S SOC term, which splits the pre-
viously spin-degenerate valence band into two, with the
spin of the lower energy state (bottom valence band) at
a particular valley aligned oppositely to the orbital mo-
ment at that valley. The spin-↓ band is lower in energy
at the K valley (τ = 1), while the spin-↑ band is lower in
energy at the K ′ valley (τ = −1), with a spin splitting
of ≈ 2λ.
The spin Hall conductivity can be calculated by com-
puting the BZ sum of the spin Berry curvature Ωz,spinν,yx (
~k),
evaluated using the band energies and the eigen func-
tions. The expression for the spin Berry curvature is
analogous to Eq. (10) for the orbital Berry curvature,
where the orbital current operator J γ,orbα should be re-
placed by the spin current operator J γ,spinα = 14{vα, sγ},
sγ being the Pauli matrices for the electron spin. Note
that the spin ↑ and ↓ bands have opposite contributions
to the spin Berry curvature, although their magnitudes
are not exactly the same due to the broken I symmetry.
However, they nearly cancel each other at each momen-
tum point, if both spin bands are occupied, e.g., for the
insulating Mo and W compounds, which results in a net
small contribution to the SHC as seen from Fig. 6 (b).
The analytical expressions for these contributions are
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FIG. 6. Band structure and spin Berry curvature in presence
of spin-orbit coupling. (a) The TB band structure with the
SOC parameter λ = 0.08 eV. (b) The calculated spin Berry
curvature (units of A˚2) in the kz = 0 plane, summed over the
occupied bands in (a) (insulating case, ne = 2).
discussed further in section V A within the four-band
model. It turns out that in Fig. 6 (b), the contribu-
tions from the M points in the BZ dominate over the
valley point contributions, leading to a small SHC of the
magnitude σz,spinyx ≈ 2(~e ) Ω−1.
Note that the magnitude of the SHC is three orders of
magnitude smaller than the corresponding value of the
OHC. This is advantageous from the practical point of
view as it overcomes the common difficulty in detecting
the orbital contribution to the angular momentum Hall
current [27]. Our calculation suggests that the TMDCs,
which have been widely studied for the SHE [26, 28, 29],
have a rather strong intrinsic OHE with possible appli-
cations in orbitronics.
Hole doping and effect of spin-orbit coupling: TMDCs
also provide an excellent platform to manipulate the
OHE and the SHE, e.g., by hole doping. Reducing the
occupancy of the d orbitals makes the spin-polarized
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FIG. 7. Schematic illustration of the valley-orbital and valley-
spin locking of the valence bands in the TMDCs. The complex
orbitals “x2−y2± i xy” lead to the opposite alignment of the
orbital moment at the two valleys as shown, which in turn
leads to the opposite spin alignment of the valence bands for
the two valleys (valley-spin locking) due to the λ~L · ~S term.
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FIG. 8. Effect of hole doping on OHC (−σz,orbyx ) and SHC
(σz,spinyx ). Zero on the x-axis corresponds to the insulating
state with ne = 2. Here λ = 0.1 eV.
bands only partially occupied, which leads to a drastic
enhancement of the SHE, since the spin-split bands at
individual momentum points no longer nearly cancel any
more. As seen from Fig. 8, the SHC can be as large
as ≈ 103(~/e)Ω−1 for an electron occupancy ne ≈ 1.6
(number of holes nh = 2 − ne ≈ 0.4), as compared to
≈ 2(~/e)Ω−1 for ne ≈ 2. It is important to note that
SHC does not increase monotonically with the hole dop-
ing and beyond a certain hole concentration it starts to
fall off. Obviously, for nh = 2, i. e., for completely empty
bands in our model, SHC must go to zero as there are no
occupied electron states to contribute to the conductivity
any more. The SHC is still larger for single hole doping
(nh = 1) compared to the undoped case, which suggests
the presence of a larger SHE in metallic TMDCs, such
as NbS2 with a single valence d electron, a result that is
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FIG. 9. Effect of the spin-orbit coupling on the OHC and
SHC, studied within the TB model. (a) The variation of the
OHC (-σz,orbyx ) with λ for three different occupations (ne) of
the d orbital. Note that the occupancy ne = 2 corresponds to
the valence bands fully occupied with the Fermi energy EF
as indicated in Fig. 6(a). (b) The same for the SHC σz,spinyx
with the same color coding as in (c). The inset shows the
expanded view of SHC for ne = 2, showing the near about
linear dependence on λ. The conductivities in (a) and (b)
on the y-axes are in units of 1.405 a−2 × 104( ~
e
)Ω−1, where
a is the lattice constant. Note that the magnitudes of the
conductivities are significantly changed by changing the elec-
tron occupancy, leading to the tuning of the effects via hole
doping.
confirmed from the density-functional results presented
later.
In contrast to the SHE, OHE decreases with hole dop-
ing. This is because the shift in the Fermi energy due
to hole doping removes electrons from the valley points
that had dominant contribution to OHE thereby drasti-
cally decreasing the magnitude of the effect (see Fig. 8).
Thus with hole doping, it is also possible to control the
ratio between OHC and SHC, i.e., the orbital and the
spin contribution to the net angular momentum current,
which may be of practical importance. We also note that
the orbital and spin contributions have opposite signs, i.
e., at a particular edge of the sample, the direction of the
accumulated orbital moments is opposite to that of the
spin moments. This is, again, due to the λ~L · ~S term in
the Hamiltonian that favors the anti-parallel alignment
of spin and orbital moments in TMDCs.
The effect of the SOC parameter λ on the OHE and
SHE are shown in Fig. 9. As already mentioned, the
OHC exists even for λ = 0, while the SHC necessarily
needs the presence of the SOC. In this sense, the OHE
may be considered more fundamental than the SHE.
While the dependence of OHE on λ is relatively weak as
seen from Fig. 6, the SHC changes drastically with the
strength of the SOC, increasing with increasing strength
of λ. Similar behavior is also reported for the centrosym-
metric systems [11].
The key results of the NN TB model may be sum-
marized as follows. (1) The monolayer TMDCs host an
intrinsic orbital moment, which can be controlled by ma-
nipulating the band curvature and the band gap near
the valley points, by applying strain for example. (2)
The valley orbital moment, the OHE, and the SHE, all
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can be controlled by hole doping. (3) We studied the ef-
fect on both OHC and SHC, when the SOC is included.
While OHC exists even without the SOC, the SHC re-
quires a non-zero λ, which also determines the relative
magnitudes of the two. In this sense the OHE is more
fundamental than the SHE, since the former can exist
with or without the SOC.
Orbital Hall effect and valley Hall effect – The orbital
Hall effect is distinct from the well-studied valley Hall
effect (VHE) [26, 30, 31], though both involve motion
of the electrons in the two different valleys in opposite
directions. While the VHE refers to the accumulation
of the charge carriers with opposite valley indices at the
opposite edges, OHE corresponds to the accumulation of
the opposite orbital moments at the edges of the sample.
As a result OHE is a property of the intrinsic material,
while the VHE is an extrinsic effect, in the sense that
in order to detect the VHE, a population imbalance be-
tween the two valleys must be created by some extrinsic
means such as light illumination. Furthermore, by creat-
ing such a valley population imbalance, the time reversal
symmetry is explicitly broken, leading to a net orbital
magnetization in the system. In contrast, detection of
OHE does not require any such population imbalance,
and the time-reversal symmetry of the system is kept in
tact, resulting in vanishing orbital magnetization in the
system.
V. EFFECTIVE FOUR-BAND MODEL
In this Section, we construct a minimal four-band TB
model near the valley points, K or K ′, since the physics
of the OHE in the TMDCs is dominated by the valley
point contributions. The model is meant to describe the
low-lying states of the four bands, including spin, at the
valley points as sketched in Fig. 7. Our earlier work for
the undoped case [12] is generalized here for the case with
hole doping. Analytical results for the OHE and the SHE
are obtained, which provide considerable insight into the
physics of the problem.
A. The four-band model
We begin our discussion with the construction of the
effective four-band TB model. As discussed in Section
III C, the |xz〉 and |yz〉 orbitals are decoupled from the
lower lying |xy〉, |x2− y2〉, and |3z2− r2〉 orbitals around
the valley points. We, therefore, expand the Hamiltonian
(2) around theK(−4pi/3, 0) andK ′(4pi/3, 0) points of the
BZ, keeping only these three orbitals in the basis set and
keep only terms of the order of q, where q ≡ k − K or
k−K ′. The resulting Hamiltonian has the following form
in the basis {|xy〉, |x2 − y2〉, |3z2 − r2〉}:
H(~q) =
 hq11 hq12 hq13(hq12)∗ hq22 hq23
(hq13)
∗ (hq23)
∗ hq33
 , (12)
where
hq11 = ε1 − (ta1 + 2tb1) + τ
√
3qx(t
b
1 − ta1)
hq22 = ε1 − (ta2 + 2tb2) + τ
√
3qx(t
b
2 − ta2)
hq33 = −3ta3
hq12 = τi
√
3(ta6 + t
b
6 + t
c
6) +
3τqy
2
(tb6 − tc6)
hq13 = i
qx
2
(−2ta7 + tb7 + tc7) +
3τqy
2
(tb7 − tc7)
hq23 =
√
3τqx
2
(−2ta8 + tb8 + tc8) + i
√
3qy
2
(tb8 − tc8).
Here, τ = ±1 is the valley index for the K and K ′ val-
leys respectively. As discussed in Section III C, |u〉 =
(
√
2)−1(|x2−y2〉+ iτ |xy〉) and |d〉 = |3z2−r2〉 constitute
the valence band and the conduction band respectively
near the two K,K ′ valleys. Therefore, we, further, trans-
form the Hamiltonian (12) in the orbital pseudo-spin ba-
sis set {|u〉, |d〉}, which then takes the simple form,
Hv(~q) =
[
−∆/2 τtqxa+ itqya
τtqxa− itqya ∆/2
]
= ~d · ~σ,
(13)
which is valid in the regions near the valley points,
K and K ′, in the Brillouin zone. Here σx, σy, and
σz are the Pauli matrices for the orbital pseudo-spins,
dx = τtqxa, dy = −tqya, and dz = −∆/2, where a is the
lattice constant. We note that the Hamiltonian Hv(~q) is
similar to the Hamiltonian for graphene except for the
onsite mass term, representing a massive Dirac particle,
which is relevant for the gapped graphene system [32].
There are just two parameters in this effective Hamil-
tonian (13), viz., the energy gap parameter ∆ and a gen-
eralized hopping parameter t, which can be expressed in
terms of the d-d hopping parameters discussed in Section
III B, viz.,
∆ = (ta1 + 2t
b
1)− 1 −
√
3(ta6 + t
b
6 + t
c
6)− 3ta3
= 3(ta1 + t
a
2)/2− 1 − 3
√
3ta6 − 3ta3 ,
t = (
√
3/2
√
2)[(tc8 − tb8)−
√
3(tc7 − tb7)]
= 3(ta7 +
√
3ta8)/(2
√
2), (14)
where the second equalities in both equations are ob-
tained by using the rotational symmetry of the structure.
For the hopping parameters listed in Table I and Table
II, the numerical values of these are: ∆ = 1.69 eV and
t = 1.02 eV.
In order to include the effect of the SOC, we express
the Hamiltonian HSOC, Eq. (11), in the orbital pseudo-
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spin subspace {|u ↑〉, |d ↑〉, |u ↓〉, |d ↓〉}, with the result
HSOC =

τλ 0 0 0
0 0 0 0
0 0 −τλ 0
0 0 0 0
 ,
(15)
where, again, λ is the strength of the SOC. Adding
this term to the Hamiltonian (13), we can construct
the following effective four-band TB model in the basis
(|u ↑〉, |d ↑〉, |u ↓〉, and |d ↓〉):
HSOCv (~q) = Hv(~q)⊗ Is +HSOC = (~d · ~σ)⊗ Is +
τλ
2
(σz + 1)⊗ sz
=

−∆/2 + τλ τtqxa+ itqya 0 0
τtqxa− itqya ∆/2 0 0
0 0 −∆/2− τλ τtqxa+ itqya
0 0 τtqxa− itqya ∆/2
 ,
(16)
where Is and ~s are respectively the 2× 2 identity matrix
and Pauli matrices in the spin space, and ~σ is as defined
before the orbital pseudo spin. Note that Eq. (16) is
consistent with the effective Hamiltonian reported earlier
[12, 26]. However, the TB derivation has the benefit that
it directly expresses the parameters of the Hamiltonian
in terms of the TB d-d hopping integrals.
B. Band structure, Orbital moment and Orbital
Hall effect
It is possible to obtain analytical results for the four-
band model, which provides considerable insight into the
orbital Hall effect, both in the undoped and the doped
cases. For the hole doped case, since both OHE and
SHE are dominated from the contribution from the valley
points, for which the four-band model is valid, both are
described quite well in the model. For the undoped case,
however, while this is true for the OHE, this is not so for
the SHE. The reason is that since both spin bands are
occupied, the SHC contributions from each of the spin
polarized bands nearly cancel each other, and the effect
is no longer dominated by the valley points in the BZ [see
Figs. (6) and (9)].
Diagonalizing the Hamiltonian (16), we get the spin
polarized band structure near the valley points, which is
εν±(~q) = 2
−1[τνλ± ((∆− τνλ)2 + 4t2a2q2)1/2]. (17)
Note that by keeping only terms linear in ~q in the Hamil-
tonian (16), we have ignored here the higher-order terms
causing the trigonal warping of the energy contours. We
show later in section V C that this does not affect the
basic physics of the OHE.
Orbital moment – The orbital moments can be com-
puted in a straightforward manner from Eq. (8) from
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FIG. 10. Orbital moment (top) and the orbital Berry cur-
vature (bottom) at the valley points, computed from the ef-
fective four-band model (16) using Eqs. (18a) and (19). All
plots are for the top most valence bands (which is spin ↑ for
the K and spin ↓ for the K′ valleys, ν = +1 and −1, respec-
tively). Note that the orbital moments have opposite signs,
while the orbital Berry curvature has the same signs at the
two valleys. Hamiltonian parameters are: t = 1.02 eV, ∆ =
1.69 eV, λ = 0.08 eV, and a = 3.19 A˚.
the eigenvalues (17) and the corresponding eigen func-
tions for the two valence bands. The result depends on
the valley index (τ = ±1) and the spin state (ν = ±1 for
↑ and ↓ spin respectively) of the band. A straightforward
calculation yields the result
Mz(~q) =
τm0D
ν(D−ν − λ)∆
2[(Dν)2 + t2q2a2]3/2
(18a)
≈ τm0[1 + λ(3ντ − 2)/∆](1− 6 m0q2/∆), (18b)
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where m0 = ∆
−1t2a2 is the magnitude of the orbital
moment at the valley points (q = 0) in absence of SOC
(λ = 0) and Dν = (∆ − ντλ)/2. The second line is the
expansion for small q and λ, both taq and λ  ∆. Eq.
(18) shows that Mz(~q) depends on the SOC parameter
λ, but the dependence is weak. The calculated orbital
moment Mz(~q) is shown in Fig. 10 near the two valley
points K(τ = +1) and K ′(τ = −1). As is clear from
Eq. (18) as well as Fig. 10, Mz(~q) has opposite signs for
the two valleys (τ = ±1), representing the valley-orbital
coupling as discussed in Section III C.
Orbital Hall Conductivity – The TMDCs are well
known for their valley degrees of freedom, viz., the two
valleys have opposite Berry curvatures, which results in
an oppositely directed anomalous velocity under an ap-
plied electric field. As discussed in Section III C, this
gives rise to an orbital Berry curvature, leading to the
OHE. The analytical expression of this orbital Berry cur-
vature for the two valence bands (ν = ±1) of the four-
band model (16) can be computed using Eq. (10), which
yields the result
Ωz,orbν,yx (~q) =
2τMz(~q)
∆ + λ(ντ − 2) . (19)
Here Mz(~q) is the orbital moment near the valley points
as given in Eq. (18). The calculated orbital Berry curva-
ture as well as the orbital moment near the valley points
are shown in Fig. 10.
Note the important result from Eq. (19) that the or-
bital Berry curvature near the valley points are directly
proportional to the magnitude of the respective intrin-
sic orbital moment Mz(~q). Furthermore, for the valence
band tops at the two different valleys (τ = ±1 and
ντ = 1; ν reverses sign as the valence band top is spin ↑
at K, while being spin ↓ at K ′), the orbital Berry curva-
ture has exactly the same magnitude as well as the same
sign at the two valleys as dictated by the time reversal
symmetry. Finally, Eq. (19) also shows that the two spin
split valence bands (ν = ±1) at each valley have slightly
different orbital Berry curvatures, if the SOC parameter
λ is non-zero.
The orbital Hall conductivity may be computed from
the BZ sum of the orbital Berry curvature, using Eqs.
(9) and (19), over the occupied states, and results will be
given for both the doped and the undoped case.
The fact that the valley regions have the dominant
contribution to the OHC can be argued from the energy
denominator in the Kubo formula (10) and this is also
seen from the TB results presented in Fig. 5 (b). In our
results derived here, we therefore consider only the two
valleys K and K ′. An analytical result is obtained by ap-
proximating circular Fermi surfaces centered at the valley
points. This is reasonable because the dominant contri-
bution to the OHC comes from the valley points, quickly
falling off as one goes away from the valley points, so
that it’s an excellent approximation to replace the actual
Fermi surface by circles around the valley points with the
same total Fermi surface area.
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FIG. 11. The hole pocket and the spin-dependent hole pocket
radii, q↑ and q↓, at theK valley (τ = 1) used in the integration
to evaluate the OHC and SHC expressions, Eqs. (20) and
(27).
The OHC can be computed by performing the momen-
tum sum analytically by integrating over the occupied
states with the help of Fig. 11. The hole pocket radii at
the valley points are determined by the spin-orbit split-
ting and the dopant hole concentration nh. Denoting the
electron concentration by ne, we have nh + ne = 2 for
the valence bands. Considering that the OHC depends
only weakly on the SOC parameter λ, the integration
is simplified by taking the limits from qh to qF , where
piq2h = (nh/4)ABZ , and piq
2
F = ABZ/2, where ABZ is the
BZ area and the factor of two in the last expression is due
to the presence of two valley points in the BZ. Putting
these together, the expression (9) for the OHC leads to
the result
σz,orbyx ≈ −
2e
(2pi)2
∑
ν=±1
∫ qF
qh
d2q × Ωz,orbν,yx (~q)
=
−e
pi
×
[ ∆
(∆2 +Aq2h)
1/2
− ∆
(∆2 +Aq2F )
1/2
]
+O(
λ2
∆2
),
(20)
where A = 4t2a2, and a factor of two is included to take
into account the two valleys, which contribute the same
amount.
For the undoped case qh = 0 , and plugging in the
value qF = (ABZ/(2pi))
1/2, ABZ = 8pi
2/
√
3a2, we find
the OHC to be [33]
σz,orbyx =
−e
pi
×
[
1− ∆√
∆2 + 16pit2/
√
3
]
+O(
λ2
∆2
).
(21)
Clearly, in the undoped case the magnitude of the OHC
is larger compared to the hole doped case in Eq. (20)
and with increase in hole doping OHC decreases. The
computed OHC as a function of hole doping is shown in
13
0 0.2 0.4 0.6
1
1.5
2
2.5
3
O
H C
0
0.05
0.1
0.15
S H
C
No. of holes nh
FIG. 12. Hall conductivities, OHC (−σz,orbyx ) and SHC
(σz,spinyx ), both in units of e/4pi, in the four-band model as
a function of the hole concentration nh, computed from Eqs.
(20) and (27), respectively.
Fig. 12 together with the SHC. This qualitatively ex-
plains the tuning of OHC with hole doping, as obtained
from the full TB calculations (Fig. 8). However, in the
four-band model, the magnitudes of both OHC and SHC
are underestimated due to the overestimation of the en-
ergy denominator in the Kubo formula (10) as one moves
away from the valley points.
C. Effect of warping on the OHC
The OHC results calculated above within the four-
band model do not include the trigonal warping of the
band structure in real materials, although such warp-
ing effects are already present both in the tight-binding
results of Section III as well as in the DFT results pre-
sented in Section VI later. In the interest of keeping
the four-band model as simple as possible, it is desirable
not to include the warping of the band structure, as we
have done above in the four-band model, which allows for
the derivation of several important analytical results pre-
sented above. In this subsection, we examine the effect
of the warping term in the band structure, and we find
that for typical warping strength found in real TMDCs,
the warping does not affect the basic physics of OHE, as
discussed earlier.
When the warping is present in the band structure,
the energy bands in the vicinity of the valley points are
no longer isotropic, but they acquire a directional depen-
dence, distorting the circular contours, as indicated in the
inset of Fig. 13. The effect may be described by adding a
warping termHw(~q), well known in the literature [34, 35],
to the valley Hamiltonian Hv(~q) of Eq. (13). This addi-
tional term in our standard basis (|u ↑〉, |d ↑〉, |u ↓〉, and
0 0.05 0.1 0.15 0.2
5.6
6
6.4
6.8
-0.15 0 0.15
-0.2
0
0.2
 (eV)w
O
H C q y
qx
- - - -
K
FIG. 13. Dependence of the OHC (−σz,orbyx ) on the warping
of the band structure (warping parameter w), as obtained
from the model Hamiltonian (23). Parameters typical for
TMDCs were used: t, ∆, and λ are the same as in Fig. 10,
while the warping parameters were taken from Ref. [35] , viz.,
γ1 = 0.077 eV, γ2 = 0.055 eV, and w = −0.123 eV. The ver-
tical dashed line corresponds to this typical value of w. The
inset shows the constant energy contours for the topmost va-
lence band as obtained from Eq. (24). OHC is in units of
103(~/e)Ω−1.
|d ↓〉) reads
Hw(~q) =
[
γ1q
2a2 w(τqx − iqy)2a2
w(τqx + iqy)
2a2 γ2q
2a2
]
.
(22)
Here, the new parameters γ1 and γ2 take into account
the asymmetry of the conduction and valence bands in
the band structure, while w is the warping parameter,
representing the anisotropic dispersion, known as “trig-
onal warping” of the energy bands, in the neighborhood
of the valley points. These additional parameters may be
expressed, if desired, in terms of the tight-binding hop-
ping integrals similar to Eq. (14). The full Hamiltonian
with the warping and SOC terms included then becomes
HSOCw (~q) = HSOCv (~q) +Hw(~q)⊗ Is, (23)
where again Is is the 2 × 2 identity matrix in the spin
space, and HSOCv (~q) is the valley point Hamiltonian, Eq.
(16), without the warping term.
A straighforward diagonalization yields the four eigen-
values
εν± = 2
−1
[
(γ+q
2a2 + ντλ )±
{
8τa3tw(q2x − 3q2y)qx +
(γ2− + 4w
2)q4a4 + ∆2ν + 4t
2q2a2 − 2γ−∆νq2a2
} 1
2
]
, (24)
where the direction dependence of the band structure in
the momentum space is clearly seen. Here, γ± ≡ γ1±γ2,
∆ν ≡ ∆ − ντλ, and in εν±, the subscript ± sign denotes
the valence and the conduction bands, while ν = ±1
denotes the spin-split bands within the conduction or the
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valence band manifolds. The constant energy contours
for the topmost valence band around the K valley with
the warping included are shown in the inset of Fig. 13.
The OHC in the presence of warping is obtained from
the eigenvalues and the eigenfunctions and using the
Kubo expression, Eqs. (9) and (10). We have not at-
tempted to obtain the results analytically with the warp-
ing term present, but rather satisfied ourselves by nu-
merically computing the results for typical parameters.
These results are shown in Fig. 13 for the undoped, in-
sulating case and typical parameters have been used [35].
As seen from the figure (where γ1 and γ2 are fixed, but w
is varied) we find that for the typical parameter w = 0.12
eV, OHC does not change very much from the unwarped
case (w = 0).
For the Hamiltonian parameters t = 1.02, ∆ = 1.69,
λ = 0.02, γ1 = 0, 077, γ2 = 0.055, and w = −0.123
(all in units of eV), we compare the magnitude of the
OHC both with and without (γ1 = γ2 = w = 0) the
warping term in the Hamiltonian (23). The results are
σz,orbyx = −5.5 without and -6.9 with warping, in units of
103(~/e) Ω−1, both of which are smaller than the DFT re-
sults (σz,orbyx ≈ −10) presented in the next Section. This
is, as already stated, due to the overestimation of the
energy denominator in the Kubo formula (10).
D. Spin Hall Effect
We now turn to the calculation of the SHC within
the four-band model described by the Hamiltonian (16).
We have not included the warping term described in the
previous subsection. Following the same procedure dis-
cussed in Section IV, we first compute the spin Berry
curvature, which yields the result
Ωz,spinν,yx (~q) =
νMz(~q)
∆ + λ(ντ − 2) =
ντ
2
Ωz,orbyx (~q). (25)
The second equality is obtained by comparing with the
expression (19) for the orbital Berry curvature.
Note the important result that the orbital Berry cur-
vature gives rise to the spin Berry curvature, simply be-
cause Ωz,spinν,yx (~q) becomes zero in absence of Ω
z,orb
ν,yx (~q).
Furthermore, for λ = 0, the two spin-polarized bands
(ν± 1) have exactly equal and opposite contributions, as
seen from the middle expression in Eq. (25), leading to
a net zero SHC. This is in contrast to the OHC, which is
nonzero even when λ = 0 [see Eq. (20)], indicating the
fundamental nature of the OHC.
When the SOC term is present (λ 6= 0), Eq. (25)
shows that the two spin split bands (ν = ±1) contribute
with opposite signs, but the magnitudes don’t cancel ex-
actly, leading to negligibly small SHC as compared to the
OHC. When both bands are fully occupied (ne = 2), a
straightforward integration over the Brilloun zone yields
the result
σz,spinyx ∼ −eλ(pi∆)−1. (26)
Note that this is only the valley point contribution and
the total SHC should be computed by considering the
contributions from the other points of the BZ as well.
This is crucial for the undoped case, as in this case, the
net SHC is not dominated by the valley point contribu-
tion, but nevertheless the magnitude of the SHC remains
much smaller than the OHC.
The situation for the SHC is somewhat different for the
hole doped case, as in that case, both spin-split bands are
not occupied at every k point (see Fig. 11). The SHC is
dominated by the region in the momentum space where
one of the two spin split bands are occupied. For small
hole doing, the holes go to the valley points, and only for
much larger hole concentration nh, the holes go to the Γ
point.
Assuming the hole occupancy only at the valley pock-
ets, the SHC is computed by integrating the lowest va-
lence band (ντ = −1) over an annular ring with inner
radius q↓ and outer radius q↑, as shown in Fig. 11. The
result is
σz,spinν,yx ≈
e
4pi
[ 1
(1 +Bq2↓)1/2
− 1
(1 +Bq2↑)1/2
]
, (27)
where B = 4t2a2/(∆+λ)2. In the very small hole doping
limit, q↓ = 0 and q↑ = qh. In this limit, it is clear from
Eq. (27) that the SHC increases with nh. After a critical
hole concentration, the Fermi surface forms the annular
region, as depicted in Fig. 11, and the SHC starts to
decrease with nh (see Fig. 12). This explains the qual-
itative behavior of SHC in presence of hole doping as
obtained from our numerical results in Section IV (see
Fig. 8).
An important point to note from Fig. 12 is that
with hole doping, while the SHC increases significantly
from its near zero value, its magnitude nevertheless re-
mains much smaller than the OHC for all nh, making
the TMDCs to be prime candidates for the experimental
observation of the OHE.
VI. DENSITY FUNCTIONAL RESULTS
While the model calculations, discussed above, provide
an understanding of the physics of the OHE, in order to
compute the magnitude of this effect for real materials,
we have performed density functional calculations of the
OHE and the SHE for a series of TMDCs. Results are
presented for both insulating materials, MX2 (M = Mo,
W; X = S, Se, Te), as well as for the metallic NbS2. The
results show, as anticipated from the model calculations,
that while both insulating and metallic materials have a
strong OHE, the SHE is relatively weak in all materials,
and negligibly small in the insulating TMDCs.
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FIG. 14. DFT results for the prototypical insulating and metallic monolayer TMDCs with the SOC included. (a) Band
structures for insulating WS2. (b) Band structure for the metallic NbS2. (c) Orbital moment Mz(~k) (eV·A˚2) for WS2, summed
over all occupied bands (including the lower lying p bands), in the kx-ky plane. (d) The same for NbS2. The hexagons on all
figures indicate the Brillouin zone. The circular dashed lines in (d) indicate the Fermi surface, with the hole pockets centered
around the Γ, K, and the K′ points. The p bands contribute to Mz(~k) very little, and therefore Mz(~k) is nearly zero in the
hole pockets. (e) and (f) Orbital Berry curvatures summed over the occupied bands at each k point (in units of A˚2) for WS2
and NbS2, respectively. (g) and (h) The corresponding spin Berry curvature sums for the two materials (in A˚
2). For the NbS2
case (h), the dominant contribution to SHC comes from the red annular regions around K, K′ points, where just one spin
band is occupied. Everywhere else in (h), it is nearly zero. As discussed in the text, occupation of both spin bands at any k
point results in a near cancellation of the contribution to the SHC (which is the spin Berry curvature sum) originating from
that point.
A. Insulating TMDCs, MX2 (M = Mo, W; X = S,
Se, Te)
In Mo and W based monolayer TMDCs MX2, the
metal atom is in the d2 configuration, and these ma-
terials exhibit an insulating band structure, with a di-
rect band gap at the valley points. The band structure
of WS2 is shown in Fig. 14 (a). As already discussed,
two key features of the band structure are the valley-
dependent complex orbital characters and the spin split-
ting of the valence bands due to SOC. The former leads
to the orbital moments at the two valley points with op-
posite signs that eventually results in a large OHC, while
the latter leads to a non-zero SHC, though it is much
smaller in magnitude.
The computed magnitudes of the OHC and SHC for
a series of insulating TMDCs as well as a representative
metallic TMDC are listed in Table III, and the key results
of the DFT calculations are shown in Fig. 14. As seen
from Table III and Fig. 14 (e), the dominant contribu-
tions to OHC come from the region near the valley points.
Also, the contributions from the region near the Γ point
appear with an opposite sign and have a much smaller
magnitude. Given the fact that the orbital moment at
the Γ point is zero (see Fig. 14 (c)), this small contribu-
tion to OHC, as listed in Table III, can be attributed to
the electric field induced orbital texture, similar to the
centrosymmetric materials reported earlier [10, 11].
As is clear from the discussions on the four-band
model, Section V B, OHE gives rise to SHE, when the
SOC is present. As seen from Table III, the calculated
SHC has a much smaller magnitude than the OHC, viz.,
σorb/σspin ≈ 103, consistent with our NN model calcu-
lations. The reason for the small SHC, again, is that if
both spin up and down bands are occupied at a particular
k point in the BZ, they nearly cancel the contributions
to the SHC at that k point. As might be expected, the
DFT results show that the larger the magnitude of the
SOC parameter λ, the larger is the SHC, even though in
all cases they remain much smaller than the OHC.
We note that in centrosymmetric 3d transition metals,
such as V, Cr, Mn, considered earlier [11], the SHC was
small simply because the SOC parameters are small in
3d metals, unlike the insulating TMDCs, where SHC is
small due to the occupation of both spin bands at each
k point. This led to a large ratio σorb/σspin ≈ 65 − 70
for the 3d transition metals[11], which is much smaller as
compared to the TMDCs, where this ratio is ≈ 103. This
suggests the insulating TMDCs to be good materials for
experimental observation of the OHE.
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TABLE III. DFT results for the OHC and the SHC of insulating and metallic monolayer TMDCs. The partial contributions
to OHC (σz,orbyx = σK + σΓ + σrest) are also listed, where σK, σΓ, and σrest are the contributions, respectively, from the valley,
Γ-point, and the remaining regions of the BZ. The SHC are all small, but increase with the SOC parameter λ. It is larger for
the metallic NbS2 because of the non-cancellation of the contributions from the two spin bands at the edge of the hole pockets
as discussed in the text.
Materials OHC [in 103 × (~/e)Ω−1] SHC in (~/e)Ω−1
σK σΓ σrest σ
z,orb
yx λ (eV) σ
z,spin
yx
In
su
la
to
r
WS2 -7.7 1.4 -3.7 -10.0 0.21 5.2
WSe2 -8.5 1.4 -3.0 -10.1 0.23 7.1
WTe2 -8.6 1.0 -2.6 -10.2 0.24 9.4
MoS2 -9.1 1.7 -3.2 -10.6 0.08 1.0
MoSe2 -8.0 1.7 -3 -9.3 0.09 1.8
MoTe2 -9.1 1.1 -2.5 -10.5 0.11 3.0
M
et
a
l
NbS2 -5.8 0.04 -3.7 -9.5 0.06 367
B. Metallic TMDC (NbS2)
We have considered the monolayer NbS2, as a metal-
lic counterpart of the TMDCs. Here Nb is in the d1
electronic configuration, as a result of which the system
becomes metallic, with the corresponding band structure
shown in Fig. 14 (b).
The calculated orbital moment as well as the Fermi
surface are shown in Fig. 14 (d), where we can see a
circular hole pocket around the Γ point and a trian-
gular hole pocket around each valley point. Each hole
pocket has actually a slightly different boundary for the
two spins (most clearly visible around the valley points)
due to the spin orbit split bands. As seen from the fig-
ure, due to the unoccupied d states in the vicinity of the
valley points (hole pocket), the orbital moment decreases
substantially. This, in turn, results in a smaller magni-
tude for the orbital Berry curvature, as depicted in Fig.
14 (f). As a result, the OHC in NbS2 is much smaller as
compared to the insulating TMDCs (see Table III).
In contrast to the insulating TMDCs, NbS2 has a
large spin Berry curvature [see Fig. 14 (h)] and hence
a larger SHC. This is in contradiction to the common
belief that SHC is larger in materials with larger SOC,
as the strength of SOC in NbS2 is smaller than the other
Mo and W based TMDCs (see Table III).
The larger SHC in NbS2 can be understood by compar-
ing its band structure with that of the insulating TMDCs.
Unlike the insulating TMDCs, in NbS2, the two spin-
polarized valence bands near the valley points are only
partially occupied. As a result, the region in the momen-
tum space, where only one of the two spin split valence
bands is occupied [see Fig. 14 (h)], gives a large contribu-
tion to the SHC. In the insulating TMDCs, as discussed
earlier, the occupation of the two spin-split bands leads
to a near cancellation of the spin Berry curvature at ev-
ery k point, leading to a very small SHC. The physics is
the same as that for the hole doped insulators illustrated
in Section V B and Fig. 12.
VII. SUMMARY
To summarize, we studied the orbital Hall effect in
a family of TMDC materials, with broken inversion
symmetry, from both density-functional calculations and
model studies. Both insulating and metallic systems were
considered and the effects of hole doping as well as band
structure changes were also studied. Explicitly, we stud-
ied the insulating materials MX2 (M = Mo, W; X = S,
Se, Te) and the prototype metallic compound NbS2. The
spin Hall effect was also calculated, and the magnitude
of the spin Hall conductivity was found to be extremely
small as compared to the orbital Hall conductivity in all
cases, suggesting this class of materials to be excellent
candidates for the experimental study of the orbital Hall
effect.
The physics of the OHE in the TMDCs is governed by
the presence of a robust intrinsic orbital moment in the
momentum points in the Brillouin zone, which is non-zero
due to the broken inversion symmetry. The effect is fur-
thermore dominated by the two valley points K and K ′
in the Brillouin zone, for which we developed a minimal,
four-band model, which allowed for an analytical solu-
tion providing considerable insight into the basic physics
of the OHE and the SHE in these materials.
While the spin-orbit coupling is not necessary for the
OHE, which exists even without it, the presence of the
SOC term is essential for a non-zero SHE. In this sense,
the OHE is more fundamental than the SHE. While the
OHE has a very weak dependence on the SOC, the SHE
depends very strongly on the SOC term, but still always
being considerably weaker in magnitude than the OHE,
even for metallic or hole doped systems. In this con-
text, even though the relatively large SHE in NbS2 as
compared to the other TMDCs studied looks contradic-
tory at a first glance due to the small value of λ in NbS2,
such behavior can be understood from the spin-split band
structure, where occupation of only one of the two spin-
split bands in a small part of the Brillouin zone near EF
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leads to a strong contribution to the SHE, even though
λ is small.
In spite of the fact that the OHE has been suggested
earlier from theoretical considerations in order to explain
the large spin Hall and anomalous Hall effects in cer-
tain materials[6–8, 11], the effect has not yet been es-
tablished from direct experimental measurements. Our
work suggests the TMDCs to be good systems to observe
the OHE. The OHE can be probed in experiments like
magneto-optical Kerr measurements that can be used to
detect the orbital moments accumulated at the edges of
the sample due to the OHE [36]. The OHE can also be
measured by detecting the orbital torque generated by
the orbital Hall current [27]. Furthermore, photon po-
larized angle-resolved photoemission measurements [37]
can be used to detect the proposed valley-orbital locking,
which is analogous to the well known valley-spin locking.
The intrinsic orbital moments leading to the strong
OHE is in essence a consequence of the broken inversion
symmetry, and as such the ideas presented here should
not only be applicable to the TMDCs, but rather to all
2D materials with broken symmetry. Once established,
the OHE in 2D materials can open up new avenues for
future research and potential applications in orbitronics
devices.
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APPENDIX A: Lo¨wdin downfolding and Inter-
orbital hopping due to broken inversion symme-
try
In this Appendix, we illustrate how the broken inver-
sion symmetry can introduce additional hopping terms
between neighboring atoms by taking an example rele-
vant to the TMDCs.
Consider the hopping between the two dxy and dx2−y2
orbitals along xˆ as indicated in Fig. 15. From symmetry,
this hopping is zero without the presence of the ligand
atoms X. When the ligand atoms are introduced, the or-
bital lobes of the metal atoms change in a non symmetric
manner, and two things happen: (a) The hopping is no
longer zero and (b) It changes sign for hopping in the
opposite direction. Mathematically, this is described via
the Lo¨wdin downfolding[19], where the ligand atoms are
completely removed and their effect is folded into effec-
tive hopping integrals (teff) between the metal orbitals.
This is illustrated in this Appendix.
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FIG. 15. Illustration of the modification of the inter-orbital
hopping between the two metal atoms caused by the broken
inversion symmetry due to the presence of the two ligand
atoms X with the direction cosines (l,m,±n), measured with
respect to the origin at the left metal atom. Here inversion
symmetry is broken, but not the mirror symmetry σh.
For simplicity, we consider the symmetry broken by
the ligand X s orbitals, situated at the bottom (sb) and
top (st) of the plane. The same arguments can be easily
generalized for the X p orbitals as well.
Using the Slater-Koster Tables [20], we can
write the hopping matrix in the basis set
φα ≡ {|1dxy〉, |2dx2−y2〉, |st〉, |sb〉},
H =

d 0
√
3lmVsdσ
√
3lmVsdσ
0 d
√
3(l2 −m2)Vsdσ/2
√
3(l2 −m2)Vsdσ/2√
3lmVsdσ
√
3(l2 −m2)Vsdσ/2 s Vssσ√
3lmVsdσ
√
3(l2 −m2)Vsdσ/2 Vssσ s
 ≡
[
h b
b† c
]
. (28)
Here (l,m,±n) denote the direction cosines of the top
and bottom s orbitals with respect to the M-dxy orbital
at site 1 (left metal atom). Note that the direction cosines
of the dx2−y2 orbital at site 2 (right metal atom) is (1 0 0)
with respect to the M-dxy orbital at site 1, which results
in a vanishing direct hopping between dxy and dx2−y2
orbitals, and s and d are the onsite energies.
In Eq. (28), we have separated the hopping matrix H
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into four blocks. The block h contains the important d
orbital space, and if the block c is well separated in energy
(d >> s), the effect of the unimportant c block can be
folded into the d orbital space, which would produce an
effective hopping matrix heff . The result for heff is given
by the well-known Lo¨wdin downfolding equations [19].
The expression is
heff = h+ b(εI − c)−1b†,
heffij = hij +
∑
k
bik(b
†)kj
hii − ckk , (29)
where the last step represents the lowest order in
Brillouin-Wigner perturbation series [38], obtained from
the iterative solution and is valid since bik << |hii−ckk|.
After some straightforward algebra, Eq. (29) yields the
desired result
heff =
[
d + 6l
2m2sd teff
teff d +
3
2 (l
2 −m2)2sd
]
, (30)
where
teff = 3lm(l
2 −m2)sd, (31)
with sd = V
2
sdσ/(d − s). Thus, a non-zero hopping teff
between the dxy and the dx2−y2 orbitals is introduced
due to the broken inversion symmetry, which is the first
item we set out to show in this Appendix.
The second result is the change of sign of teff with the
direction of hopping. Following the same logic as above,
it can be shown that if the second metal atom is shifted
from xˆ to −xˆ, along with the ligand atoms, Eqs. 30 and
31 still hold except that the direction cosine l is changed
to −l, so that the effective hopping teff changes sign.
APPENDIX B: Broken Inversion Symmetry and
Orbital Moment
The sign change in the effective hopping teff plays a
crucial role in generating the intrinsic orbital moment. In
this Appendix, we illustrate how the sign change leads to
the formation of complex orbitals, which, in turn, carry
a nonzero orbital moment.
To illustrate this point, we consider a simple one-
dimensional lattice model with two orbitals (α = dxy
and dx2−y2) on each atom. It is easy to see that the in-
version symmetry breaking does not alter the sign of the
NN hopping between two similar orbitals, while the sign
is changed between two dissimilar orbitals when the hop-
ping direction is reversed. Denoting the NN hoppings as:
〈α|H|α〉±xˆ = t0, 〈dx2−y2 |H|dxy〉xˆ = 〈dxy|H|dx2−y2〉−xˆ =
teff , and 〈dx2−y2 |H|dxy〉−xˆ = 〈dxy|H|dx2−y2〉xˆ = −teff ,
where the subscript denotes the displacement of the sec-
ond orbital with respect to the first.
The TB Hamiltonian in the momentum space is
H(k) =
[
′d(k) 2iteff sin ka
−2iteff sin ka ′d(k)
]
(32)
which is written in the Bloch function basis a†kα =
N−1/2
∑N
n=1 e
iknac†nα, where c
†
nα creates an electron at
site n in the orbital α, and ′d = d + 2t0 cos(ka). The
energy eigenvalues are E± = ′d ± 2teff sin ka, but more
interestingly, the corresponding wave functions mix the
two orbitals at each site with complex coefficients, viz.,
|dx2−y2〉± i|dxy〉, which carries the orbital moment Lz =
±2~. This illustrates the role of the broken I symme-
try in generating the intrinsic orbital moment at various
points in the Brillouin zone.
APPENDIX C: Character Table of the D3h point group
The crystal structure for the MX2 TMDC in the 2H structure has the D3h symmetry, which lacks the inversion
symmetry, but contains the mirror symmetry σh, which has important implication for the electronic structure as
discussed in the text.
TABLE IV. Character Table of D3h and the irreducible representations spanned by the metal d orbitals.
D3h E 2C3 3C
′
2 σh 2S3 3σv
A′1 1 1 1 1 1 1 x
2 + y2, z2
A′2 1 1 -1 1 1 -1
E′1 2 -1 0 2 -1 0 x
2 − y2, xy
A′′1 1 1 1 -1 -1 -1
A′′2 1 1 -1 -1 -1 1
E′′1 2 -1 0 -2 1 0 xz, yz
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